Hydroxylapatite (HA) nanoparticles were conjugated with quantum dots (QDs) for in vivo imaging. The surface structures of HA nanoparticles with conjugated quantum dots (HA-QD) were studied by transmission electron microscopy (TEM) and laser fluorescent spectroscopy. The TEM data showed that the quantum dots were well conjugated on the HA nanoparticle surfaces. The laser fluorescent spectroscopy results indicated that the HA-QD exhibited promising luminescent emission in vitro. The initial in vivo experiments revealed clear images of HA-QD from the hypodermic injected area at the emission of 600 nm. Furthermore, the optimized in vivo images of HA-QD with near-infrared emission at 800 nm were visualized after intravenous injection. These luminescent HA-QD nanoparticles may find important applications as biodegradable substrates for biomarkers and in drug delivery.
Introduction
In the research of biomedical diagnosis using nanoparticles, one of the key challenges has been the design and development of a nanosurface structure with multiple functionalities. Due to complexity in the biological system, the nanostructures are often required to have several key features with high tunability and controllability of the surface properties. First, the surface of the nanoparticles must be treated with specific functional groups for the attachment of biological molecules. Second, for diagnosis, strong luminescence from the nanoparticle is expected in the desired visible range for in vivo imaging. Third, certain geometrical dimensions of the nanoparticle would be preferred for the storage and release of the treatment drugs. Finally, the nanoparticles or the substrate materials should be highly biodegradable in order to reduce the toxicity. So far, few attempts have been made in the design and development of a unique nanostructure that can meet all the requirements described above. Most nanospecies developed previously have caused considerable concerns due to their known or unknown health risks [1] [2] [3] . While extensive research on the biocompatibility and toxicity of nanomaterials has been carried out, it is highly desirable to search for nontoxic and biocompatible substrates for biomarking and drug delivery applications [3, 4] . Another important issue relates to the emission intensity of the luminescent nanoparticles. Although several types of nanoparticles have been found to exhibit visible and infrared emissions, their intensities are often too low for in vivo imaging [5] [6] [7] [8] . For instance, single wall carbon nanotubes have been known to have emissions in the infrared range, but their weak intensity makes it not possible for deep tissue and whole-body in vivo imaging [5, 8] .
Fluorescent proteins and small organic dyes have been used as fluorescent contrast agents for living animal imaging [9] . The ideal fluorescent probe would contain a fluorescent agent that emits light on target emission. Among all fluorescent nanomaterials, quantum dots have superior properties, including higher quantum yield and much sharper emission spectra. Due to these unique properties, extensive research has been carried out on cancer diagnosis by using quantum dots [10] [11] [12] [13] [14] [15] . Quantum dots have already shown promise as biosensors and live cell labels. Most of the previous studies on quantum dots were only based on cell-bioconjugated or polymer-encapsulated imaging experiments [15] . The oxidation of the quantum dot surfaces results in the release of divalent cadmium, known for its high toxicity. In extreme conditions, the acute cytotoxicity of cadmium was observed, and the slower release of quantum dots may result in chronic effects of cadmium [16] . Recently, Derfus et al used cultured liver cells to determine the cytotoxicity of CdSe/ZnS quantum dots with various surface coatings [17] . The results suggested that the surface coatings must be sufficiently stable to prevent the exposure and oxidation of cadmium. In this study, an alternative approach was used to prevent the release of divalent cadmium from quantum dots by using hydroxylapatite (HA) as a biocompatible substrate. HA nanoparticles were surface conjugated with quantum dots, leading to strong visible luminescence.
HA has been found to reduce the nonspecific deposition of quantum dots in vivo and is essentially nontoxic to cells and animals [18, 19] . In our previous research, it was demonstrated that it was possible to use HA for biomedical applications [20] . Furthermore, the surfaces of HA are quite porous, making it ideal for drug storage and delivery [21, 22] . In this present study, we report the experimental results of transmission electron microscopy (TEM) on the surface structures of HA nanoparticles conjugated with quantum dots (HA-QD). The optical behaviors of the functionalized HA-QD were studied by laser fluorescence spectroscopy. Initial in vivo imaging results are also presented, which were obtained from HA-QD hypodermic and intravenous injections.
Experimental details

Materials
The HA nanoparticles were synthesized using a microwaveassisted combustion with the auto-ignition-molten salt hybrid route [23] . Aqueous solutions containing NaNO 3 , Ca(NO 3 ) 2 4H 2 O, and KH 2 PO 4 were irradiated in a microwave for 5 min at 600 W of power. The as-synthesized precursors were then stirred in water at room temperature for 1 h to obtain the HA nanoparticles. The synthesized HA powder has a size distribution of 50-100 nm [23] .
The EviTags 600 quantum dots were purchased from Evident Technologies, NY. The quantum dot is consisted of a CdSe core and a shell of ZnS with polyethylene glycol (PEG) ligand surface coating. The inert PEG coating is stable in vivo. This coating stability is particularly suitable for rendering quantum dots biocompatible by changing the surface chemistry [24, 25] , and for protecting the CdS/ZnS particles from oxidative reactions [17] . The PEG coating also allows greater vascular circulation time, but nonspecific uptake cannot be eliminated completely [25] . The quantum dots have the emission wavelength of 600 nm (QD 600 ) and hydrodynamic diameters of ∼20 nm. The CdSe/ZnS quantum dots were dispersed in water with the concentration of 12 nmol ml −1 .
The Qdot 800 ITK quantum dots with emission wavelength of 800 nm (QD 800 ) were purchased from Invitrogen Corporation, CA. QD 800 has a core of CdSeTe and a shell of ZnS with a surface coating of PEG. The CdSeTe/ZnS quantum dot was commercially packed in borate with the concentration of 8 nmol ml −1 .
Surface functionalization
The HA nanoparticles were sonicated for 2 h using a Fisher Scientific 100 sonic dismembrator. The well-dispersed HA nanoparticles were suspended in phosphate buffered saline (PBS) suspension with a concentration of 60 µmol ml −1 . To obtain quantum dots that can bind to the carboxyl functionalized HA nanoparticles, the quantum dots were functionalized with ethylenediamine in PBS for 8 h, which resulted in the amine functional group on their surfaces. In this procedure, the quantum dots, functionalized with amine terminal groups (QD-NH 2 ), were able to conjugate with HA [Ca 5 (PO 4 ) 3 OH] by the covalent reaction between amine and hydroxyl.
Fabrication of HA-QD conjugation
HA-QD conjugates were obtained using 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) in the presence of N-hydroxysuccinimide (NHS) [26] . In this experiment, NHS-activated HA intermediates were reacted with amine-activated quantum dots using EDC to produce HA-QD conjugation. The procedure for coupling the amine functionalized quantum dots to HA is illustrated in figure 1 .
The reaction was completed in PBS at pH 7.4. The HA-QD suspension was incubated at 50
• C for 12 h. It was then cooled to room temperature, centrifuged for 30 min, and rinsed three times with PBS using centrifugation and decantation. The coupled HA-QD suspension was filtered through a 3.0 µm Teflon membrane and re-suspended in PBS. The concentration of conjugated quantum dots is 66.4 ppb (µg l −1 ) for 1 µg HA nanoparticles in 1 ml of the PBS suspension.
Characterization of HA-QD conjugation
The surface morphology and microstructure of the HA-QD were studied using a JEOL 2010 F analytic transmission electron microscope. The samples were prepared by dispersing HA-QD suspensions directly on holey carbon films supported with Cu grids. Luminescent spectroscopy was performed to study the emissions of HA-QD and pure quantum dots. The luminescent spectra of HA-QD and pure quantum dots were obtained with Nd:YAG laser excitation of 355 nm and LED excitation of 475 nm, respectively. Fluorescent microscopy (Olympus 1X51) was performed to study the HA-QD under 350 nm of excitation without background light.
In vivo imaging of HA-QD conjugation
80 µl of HA-QD suspensions were injected into live nude mice. There were 66.4 ppb quantum dots in 1 µg HA per 1 ml of the PBS. The in vivo imaging of the mice was studied by using the Kodak Whole-Mouse Image Station (Kodak 4000MM). The excitation light from a high-intensity lamp with a 10× zoom lens was directed through the selected excitation filter to the mice. Excitations of 465 and 720 nm were employed for emissions at 600 and at 800 nm, respectively. The mice used for in vivo imaging were maintained in a facility approved by the American Association for Accreditation of Laboratory Animal Care and in accordance with current regulations and standards of the US Department of Agriculture, US Department of Health and Human Services, and National Institute of Health. This study was approved by Institutional Animal Use and Care Committee (IACUC) at the University of Cincinnati, OH.
Results and discussion
The low-magnitude TEM image of HA-QD ( figure 2(a) ) shows a typical morphology of HA nanoparticles with CdSe/ZnS quantum dots absorbed on their surfaces. From the Z-contrast image of the HA-QD (shown in figure 2(b) ), we found that quantum dots can be easily differentiated from the substrate HA nanoparticles. The quantum dots have a quite uniform size distribution in the range between 5 and 10 nm and are randomly coupled on the HA nanoparticles whose dimensions (∼50 nm) are considerably larger than those of the quantum dots. Highresolution TEM images (figures 2(c) and (d)) clearly show the lattice structures of the CdSe/ZnS quantum dots and HA nanoparticles. These images indicate successful coupling of quantum dots onto the surfaces of HA nanoparticles. In figure 2(c), smaller quantum dots can be seen surrounding the HA particles while figure 2(d) shows a high density of quantum dots on the surface of a single HA particle. To further identify the conjugation of quantum dots on HA nanoparticle surfaces, an energy dispersive x-ray (EDX) spectrum was acquired (see figure 3) . It shows the elemental signals from the CdSe/ZnS quantum dots, which is consistent with the TEM observations. Figure 4 shows the normalized luminescence spectra observed from the pure quantum dots (dash dot line) and quantum dot conjugated HA (solid line). The luminescence spectrum of HA-QD is centered at 608 nm, an 8 nm red shift from the pure quantum dots whose peak intensity occurs at 600 nm. This demonstrates that the frequency of the photoluminescence in HA-QD is lower than that of pure quantum dots. However, in comparison to organic dyes such as rhodamine [27] , the HA-QD system displays an emission spectrum that is nearly symmetric and much narrower in peak width, which is ideal for medical imaging diagnosis.
The fluorescent microscopy image of the HA-QD 600 solution is shown in figure 5 . It can be clearly seen that HA particles are spread across the dark background, exhibiting strong luminescence due to surface-coupled quantum dots. Note that some of the relatively larger luminescent spots result from the HA-QD conjugations as the individual nanoparticles may not be easily observed at this magnification. The PEG-grafted surface modification will be an affective way to eliminate the aggregation of nanoparticles [28] . This issue is being currently addressed in our research.
The images from deep tissues were obtained by intramuscularly injecting the HA-QD with the emission of 600 nm (HA-QD 600 ) into the rear leg muscles of the mice. Figure 6 (a) shows the image of the control mouse, where only a background is observed. The injected locations in the deep tissues, as shown in figure 6(b) , exhibit intense fluorescent signals from the HA-QD 600 . This result clearly indicates that HA-QD can serve as an ideal biomarker candidate for in vivo imaging. However, emissions in this visible range below 700 nm can easily overlap with autofluorescences from the animal bodies as a background noise, such as the autofluorescence signals from skin wrinkles in the upper body ( figure 6(b) ). To further enhance the imaging contrast, particularly for deep tissue imaging, quantum dots with much longer emission wavelength of 800 nm were used to conjugate on HA nanoparticles (HA-QD 800 ). With the same procedure as that described above, HA-QD 800 was intravenously (IV) injected into the tail veins of mice. right after injection. However, at this early post-injection time, HA-QD 800 cannot be imaged in organs, although the stomach has a little noise signal from the food autofluorescence. Upon migrating for 24 h, the image ( figure 6(d)) shows the strong signals of HA-QD 800 in both liver and spleen. The luminescence spectra of pure EviTags 600 quantum dots (dash dot line) and HA-QD (solid line). The spectra were normalized to show the peak of pure quantum dots at 600 nm, and the peak of HA-QD at 608 nm, which has an 8 nm red shift from that for the pure quantum dots.
The intense contrast image of inner organs with low-noise mouse background demonstrates the successful IV injection and circulation of HA-QD 800 in vivo. The accumulation of HA- QD 800 in the liver and spleen is due to the nanoparticles being easily uptaken by the reticuloendothelial system (RES, most notably in the liver) [29] . The efficient circulation and delivery of HA-QD 800 in the live animal shows the high potential of HA-QD 800 as a biomarker.
One of the challenges in biomedical diagnosis is deep tissue imaging by luminescent nanoparticles. As pointed out above, although some of the nanomaterials exhibit visible emissions, a few could result in clear and sharp images under the condition of deep tissue in vivo whole-body imaging. In this experiment, initial in vivo imaging was attempted in mice by IV injecting the HA-QD nanoparticles for the first time.
In our previous research we have succeeded in synthesizing nanoparticles with surface-coated luminescent rare-earth materials [30, 31] . In this present study, the possibility of the conjugation of quantum dots onto nanoparticles was explored due to their superior optical properties. In a previous work, we also used carbon nanotubes as a substrate [32] . In the present study, we replaced carbon nanotubes with HA for its known biocompatibility and biodegradability. Furthermore, the surfaces of the HA nanoparticles are highly porous, making them ideal for storage and controlled release of drugs. This work is part of the design concept that we have employed on various nanoscale substrates. We believe that this concept can be extended into other biodegradable substrates. 
Conclusion
In summary, quantum dots have been successfully coupled onto the surfaces of HA nanoparticles. The HA-QD interface coupling has been confirmed by TEM and EDX. The HA-QD suspensions have shown intensive fluorescence under various excitations. The HA-QD nanoparticles (both HA-QD 600 and HA-QD 800 ) exhibit strong luminescent emissions in non-invasive optical in vivo imaging. The image contrast has been significantly enhanced by employing quantum dots with much longer emission at near-infrared, 800 nm. These results suggest a high possibility for HA-QD to be used as an effective biomarker in biomedical diagnosis. The development of HA-QD as a non-invasive optical in vivo imaging agent may have a great impact on the early detection, diagnosis, and treatment of cancer.
